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Regulated changes in the cell cycle underlie many aspects of growth and differentiation. Prior to meiosis, germ cell cycles
in many organisms become accelerated, synchronized, and modified to lack cytokinesis. These changes cause cysts of
interconnected germ cells to form that typically contain 2" cells. In Drosophila, developing germ cells during this period
contain a distinctive organelle, the fusome, that is required for normal cyst formation. We find that the cell cycle regulator
Cyclin A transiently associates with the fusome during the cystocyte cell cycles, suggesting that fusome-associated Cyclin
A drives the interconnected cells within each cyst synchronously into mitosis. In the presence of a normal fusome,
overexpression of Cyclin A forces cysts through an extra round of cell division to produce cysts with 32 germline cells.
Female sterile mutations in UbcD1, encoding an E2 ubiquitin-conjugating enzyme, have a similar effect. Our observations
suggest that programmed changes in the expression and cytoplasmic localization of key cell cycle regulatory proteins

control germline cyst production. © 2000 Academic Press
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INTRODUCTION

Developmentally regulated changes in the cell cycle play
important roles at several early steps in Drosophila oogen-
esis. The onset of meiosis and oocyte differentiation is
preceded by a series of unusual mitotic divisions that
generate small groups of interconnected germline cells
known as cysts (Telfer, 1975; de Cuevas et al., 1997). Cyst
development begins with the asymmetric division of a
germline stem cell to produce a progenitor cell known as a
cystoblast. The cystoblast then divides exactly four times
to generate 16 interconnected ““ cystocytes” (Fig. 1A). These
cystocyte cell cycles have several unusual features. All the
cystocytes within a developing cyst divide synchronously,
ensuring that the final cell number corresponds to a power
of 2. In addition, cytokinesis remains incomplete during M
phase, leaving the daughters connected by cytoplasmic
bridges known as ring canals. Cystocyte cell cycles are rapid
and are uncoupled from cell growth, leading to a progressive
reduction in cell volume. Finally, the divisions are polar
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such that the cells in a completed 16-cell cyst are always
interconnected in a defined pattern that presages oocyte
specification.

The onset of meiosis and oocyte differentiation within
completed cysts also involves complex cell cycle changes.
Only one cystocyte from each cyst differentiates into an
oocyte, while the remaining 15 become nurse cells that
nourish the oocyte with material transported through the
ring canals. However, all 16 cystocytes initially enter a
characteristic long premeiotic S phase; many if not all of the
cells progress into meiotic prophase as evidenced by the
production of synaptonemal complex material and recom-
bination nodules (Carpenter, 1981; Schmekel et al., 1993).
Over a period of time, though, only the future oocyte
remains in meiosis. The other 15 cystocytes lose synap-
tonemal complexes and remain stalled in a poorly under-
stood cell cycle state. These pronurse cells initiate another
S phase about 4 days after cyst completion but never divide
again. Instead they grow into polyploid nurse cells via a
series of endocycles that preserve their interconnections
(reviewed in Spradling, 1993). Early microtubule-dependent
transport of molecules from the pronurse cells into the
pro-oocyte prior to the onset of nurse cell endocycles is
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FIG. 1. Germline cyst formation in the Drosophila ovary. (A) The
pattern of cyst connections resulting from the four synchronous
cystocyte divisions (reproduced, by permission of the publisher,
from de Cuevas et al., 1996). (B) Schematic of a germarium,
reproduced, by permission of the publisher, from King (1970). The
three regions of the germarium are noted underneath. Germline
cells are shown in white and include (SC) germline stem cell, (CB)
cystoblast, (16 CC) 16 cell cyst, (O) oocyte, and (NC) nurse cell. The
somatic cells are shown in gray and include the (FC) somatic
follicle cells that envelope the developing germline cysts and the
(TF) terminal filament. (C) Fusome from a 16-cell cyst stained with
mAb1B1.

essential for oocyte development, but the nature of the
critical molecules remains unknown (Suter and Steward,
1991; Theurkauf et al., 1993).

Several genes that help specify the growth and division of
early germ cells have been identified. Partial loss-of-
function mutations of the G1 cyclin gene, cyclin E, perturb
the germline cell cycles and cause one or two additional
cystocytes to develop as oocytes (Lilly and Spradling, 1996).
Mutations in several genes involved in meiotic recombina-
tion arrest oocyte nuclear development and disrupt oocyte
patterning (Ghabrial et al., 1998; Morris and Lehmann,
1999). How germline cell cycles are programmed and how
they interact with other pathways to control oocyte deter-
mination and differentiation remain to be elucidated.

Another important factor in germ cell differentiation is
an unusual cytoplasmic structure known as the fusome
(Fig. 1C) that is present in premeiotic adult germ cells and
developing cysts (reviewed in McKearin, 1997). This
vesicle-rich organelle, which grows new branches after each
cyst division, passes through the ring canals and physically
connects all the cystocytes within a single cyst (de Cuevas
et al., 1997). Membrane skeletal proteins including a- and
B-Spectrin, Ankyrin, and the Adducin-like product of the
hu-li tai shao (hts) gene are abundant within the fusome
(Lin et al.,, 1994; de Cuevas et al.,, 1996). During the
synchronous divisions of the cystocytes, one pole from each
mitotic spindle is associated with the fusome (reviewed in
de Cuevas et al., 1997); thus, it has long been thought that
the fusome plays a role in determining the invariant pattern
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of cystocyte connections by orienting mitotic spindles
(Telfer, 1975).

The molecular mechanisms the fusome uses to influence
the cell cycle are not understood. Mutations in the genes
encoding fusome components a-Spectrin or Hts eliminate
the organelle almost entirely and cause characteristic
changes in cystocyte behavior. Mitotic synchrony is dis-
rupted and the number of cystocyte divisions reduced;
moreover, the mutant cysts almost always fail to form an
oocyte (Yue and Spradling, 1992; de Cuevas et al., 1996).
Mutations in the genes encoding two fusome-associated
proteins, Bag-of-marbles (Bam) and Dynein heavy chain
(Dhc64c), a component of the motor protein Dynein, dis-
rupt normal fusome structure and alter the cyst division
cycle (McKearin and Spradling, 1990; McKearin and Ohl-
stein, 1995; Gonczy et al., 1997; McGrail and Hays, 1997,
McKearin, 1997). Interestingly, the association of Dhc64c
with the fusome is cell cycle dependent (McGrail and Hays,
1997).

Several aspects of premeiotic germ cell development
appear to be widely conserved in evolution (Pepling et al.,
1999). Consequently, a better understanding of the relation-
ship between cell cycle programming and germ cell behav-
ior is likely to be of widespread significance. In eukaryotes,
the sequential activation of cyclin-dependent kinases (cdks)
is responsible for the ordered progression of the cell cycle
(reviewed in Nurse, 1994; Nigg, 1995). Cyclins are a highly
conserved family of proteins that serve as positive regula-
tory subunits of cdks; individual cyclins bind and activate a
defined subset of cdks. In mammalian cells, Cyclin A
(CycA) associates with two different cdks in distinct but
overlapping phases of the cell cycle (D’Urso et al., 1990;
Pagano et al., 1992; Rosenblatt et al., 1992). CycA-Cdk2
activity peaks in S phase, whereas CycA-Cdkl activity
peaks in G2, before the onset of mitosis. Consistent with
CycA being required during two points in the cell cycle,
antibodies against CycA block both S-phase entry and
mitosis (Swenson et al., 1986; Roy et al., 1991; Girard et al.,
1991; Pagano et al., 1992; Jackson et al., 1995)

In Drosophila, CycA has a defined role in mitosis but is
not absolutely required for S phase (Lehner and O’Farrell,
1989, 1990). Specifically, in the endocycle, DNA replication
proceeds in the absence of CycA (Lehner and O’Farrell,
1990; Knoblich et al., 1994; Lilly and Spradling, 1996).
Although it is not essential for DNA replication, there is
considerable evidence that in Drosophila, as in vertebrates,
CycA can influence the transition from G1 to S phase. For
example, in developing eye discs, the expression of CycA
from a heat shock promoter, or the inappropriate presence
of CycA during G1 in roughex mutants, forces cells to exit
G1 prematurely and enter S phase in the morphogenetic
furrow (Thomas et al., 1994, 1997; Dong et al., 1997).
Similarly, the overexpression of CycA drives cells from G1
into S phase in both wild-type embryos and mutant em-
bryos lacking the G1 cyclin, Cyclin E (CycE) (Sprenger et
al., 1997). Thus in Drosophila, as in other organisms, CycA
can influence the entry into both S phase and mitosis.
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Mitotic cyclins are degraded by a ubiquitin-dependent
proteolytic system (reviewed in Murray, 1995; Koepp et al.,
1999). The UbcD1 gene encodes a type | E2 ubiquitin-
conjugating enzyme with substantial homology to Saccha-
romyces cerevisiae Ubc4 (Treier et al., 1992). In Xenopus
egg extracts, the Ubc4 homolog supports Cyclin B (CycB)
ubiquitination, suggesting that it may be functionally re-
dundant with the cyclin-selective E2, E2-C (King et al.,
1995). In Drosophila, mutations in UbcD1 result in inap-
propriate telomere to telomere associations in both mitosis
and male meiosis (Cenci et al., 1997). However, the bio-
chemical role of UbcD1 remains undefined.

MATERIALS AND METHODS

Drosophila Strains and Culture

Flies were grown on standard corn meal/agar media at 22-25°C.
The Hs-cyclin A, Hs-Acyclin A, Hs-cyclin B, Hs-Acyclin B, Hs-
cyclin E, and Df(2R)59AB stocks were provided by Christian
Lehner (Knoblich and Lehner, 1993; Knoblich et al., 1994, Sigrist et
al., 1995). A lethal allele of cyclin A, cycA™® (Karpen and
Spradling, 1992), and two female sterile alleles of UbcD1,
UbcD1™* (Karpen and Spradling, 1992) and UbcD1™®° (Kelly,
1993), were used. The UbcD1™*®**stock was provided by Rick
Kelly. Df(2L)r10 was provided by J. Roote and M. Ashburner. The
bam*®* stock was a gift from Dennis McKearin (McKearin and
Ohlstein, 1995). Other genes and alleles used are described on
Flybase (http://flybase.bio.indiana.edu:80/.bin/fbgeng.html).

Heat Shock Protocols

For each heat shock treatment, food vials containing flies were
placed in a 37°C water bath for 30 min. Heat shocks were repeated
at 12-h intervals over 2 days for a total of four treatments. Between
heat shocks, flies were placed at 22-25°C. After the final heat
shock, flies were cultured for 4-5 days before being dissected, to
allow egg chamber growth to proceed. To examine fusomes after
cyclin overexpression, flies were dissected not more than 12 h after
the final heat shock.

BrdU Labeling

Ovaries were dissected in Grace’s medium (Gibco BRL) and
incubated for 1 h in 1 ug/ml BrdU (Sigma) diluted in Grace’s
medium. The ovaries were then processed as described in Lilly and
Spradling (1996).

Immunohistochemistry and Microscopy

Ovaries were dissected, fixed, immunologically stained, and
mounted as described in Lin et al. (1994). Mouse monoclonal
antibodies A12 and A19 against CycA and F2F4 against CycB, used
at dilutions of 1:1 and 1:4, respectively, and the rabbit antibody
against CycA, used at a dilution of 1:50, were provided by Patrick
O’Farrell (Lehner and O’Farrell, 1990; Sprenger et al., 1997). The
monoclonal antibody 8B10 against Drosophila CycE (Richardson et
al., 1995) was provided by Helena Richardson and used at a dilution
of 1:8. Fusomes were labeled using the monoclonal antibody 1B1
(Zaccai and Lipshitz, 1996) at a dilution of 1:5. FITC-conjugated
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FIG. 2. CycA colocalizes with fusomes. A single confocal section
from a wild-type germarium stained with (A) mAblB1 and (B)
anti-CycA. (C) The overlay of A and B reveals that CycA is
concentrated on the fusome in some cysts (arrow) but is absent
from the fusome in others (arrowhead). (D) A single confocal
section from anti-CycA and anti-Hts double labeling demonstrates
that CycA is not present in the germline in cysts in regions 2b and
3 in the germarium (bracket). (E) A confocal section of a testis
double labeled with anti-CycA and mAb1B1 shows CycA at high
levels on the fusome of a four-cell cyst. (F) A hts' germarium
stained with anti-CycA. In all images, mAb1B1 is shown in green,
and anti-CycA is shown in red. Bar, 10 um.

anti-mouse and TRITC-conjugated anti-rabbit secondary antibod-
ies were purchased from Jackson ImmunoResearch Laboratories
and used at a dilution of 1:200. Ovaries were stained with DAPI and
propidium iodide as described in Lilly and Spradling (1996). Stained
ovaries were examined by epifluorescence and confocal microscopy
on a Zeiss laser scan microscope, a Zeiss 410 confocal microscope,
or a Leica TCS-NT confocal microscope. Testes were dissected
from adult males 3-5 days of age and treated and examined
essentially as described above.

RESULTS

Cyclin A Associates with the Fusome

To investigate the cell cycles of early Drosophila germ
cells, we stained wild-type germaria from adult females
with specific antibodies that recognize CycA, CycB, or
CyckE. All three proteins were expressed in a fraction of the
stem cells and growing cystocytes, as expected for mitoti-
cally cycling cells (data not shown). However, these experi-
ments also revealed an unanticipated behavior of CycA
during these developmental stages (Fig. 2). When wild-type
ovaries were fixed and double labeled with antibodies
against Hts (Fig. 2A) (Zaccai and Lipshitz, 1996), a marker
for the fusome, and CycA (Fig. 2B) (Lehner and O’Farrell,
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1990; Sprenger et al., 1997), we observed that CycA was
concentrated on the fusome in some, but not all, germline
cysts (Fig. 2C). For example, only one of the two round
fusomes which mark the two stem cells at the anterior end
of the germarium displays fusome-associated CycA (Fig.
2C). Likewise, the fusome in one growing cyst is labeled by
anti-CycA antibody (arrow) while the fusome from another
similar cyst (arrowhead) remains unlabeled. CycA was
associated only with the fusomes of stem cells and growing
cysts, and never with fusomes in 16-cell cysts in regions 2
and 3 (Fig. 2D). Thus, CycA is never concentrated on the
fusome in ovarian germline cysts that have completed their
mitotic program. Similar observations were made using
three independent antibodies generated against Drosophila
CycA protein. Neither CycB nor CycE was enriched on the
fusome (data not shown). CycA, but not the other cyclins,
transiently associated with the fusome during the mitotic
divisions in male germline cysts as well (Fig. 2E).

The aggregation and enrichment of CycA at the site of the
fusome might be the result of a specific interaction between
CycA and a fusome component. Alternatively, both the
fusome and the CycA aggregates might be independently
colocalized within the same cellular compartment by a
common process. To distinguish between these possibili-
ties, we examined whether cytoplasmic CycA aggregates
are observed in the ovaries of hts mutant females. These
females lack fusomes but are able to form small, abnormal
cysts. We found that CycA fails to concentrate within any
part of the cytoplasm of hts' mutant germ cells (Fig. 2F).
Since an intact fusome is required for CycA aggregation, it
is likely that CycA associates specifically with the fusome
during a portion of the cell cycle in stem cells and forming
cysts.

The CycA-Fusome Association Occurs during G2
and Prophase

To determine when CycA associates with the fusome, we
first estimated the fraction of the early germ cells at various
stages with fusome-associated CycA. Twenty-three germa-
ria were double stained to visualize Hts and CycA and
examined with a confocal microscope, and positive fusomes
were recorded. About 40% of stem cells and 15% of forming
cysts in region 1 displayed fusome-associated CycA (Table
1).

The appearance of fusomes changes in a regular way
during stem cell and cystocyte divisions (Deng and Lin,
1997; de Cuevas and Spradling, 1998). During G1 and S
phase, the stem cell fusome elongates and fuses with the
growing “plug” of new fusome material that is located in
the transient ring canal between stem cell and daughter
cystoblast. This ring canal pinches closed in G2 phase, so
that late G2 stem cells contain fusomes that are round (de
Cuevas and Spradling, 1998). In stem cells, CycA associated
only with round fusomes (Table 1). During cystocyte divi-
sions, cells in G1 and early S phase can be recognized
because newly growing fusome “plugs” have not yet fused
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TABLE 1
Association of Cyclin A with Fusomes of Specific Morphology

Fusome morphology Cyclin A+ Cyclin A—
Round (mid-G2-M stem cell) 22 (40%)? 15
Elongated (Gl-early G2 stem cell) 0 20
2-, 4-, 8-cell cyst fusome 12 (15%)° 90°
16-cell cyst fusome 0 160°

@22 CycA+ stem cells/57 total stem cells = 40%.

® 12 CycA+ mitotic cysts (i.e., those with a 2-, 4-, or 8-cell cyst
fusome)/90 total mitotic cysts = 15%.

¢ The estimated number of cysts of the indicated stages present
in the 23 germaria examined.

to the parent fusome (M. de Cuevas and A. Spradling,
unpublished). In contrast, cells in late S or G2 display a
single fusome structure with all branches connected. CycA
associated with fused fusomes in growing cysts. Thus, the
association of CycA with the fusome appears to take place
primarily during the G2 phase in both stem cells and
cystocytes.

We confirmed these conclusions by examining CycA-
fusome associations in cells in which specific cell cycle
stages had been identified using molecular markers (data
not shown). After ovaries were pulse labeled with the
nucleotide analog BrdU to identify S phase, fusome-
associated CycA was found almost exclusively in unlabeled
cells. However, CycA labeled the fusome weakly in a few
cysts with late S-phase patterns of BrdU incorporation. In
ovaries that were double labeled with antibodies against
CycE or CycB, CycA was never observed on the fusome in
cysts that were positive for the G1 cyclin, CycE. In contrast,
the cytoplasm of cysts was positive for the G2 cyclin, CycB,
when CycA was concentrated on the fusome. These results
confirm that CycA is on the fusome in G2 but notin G1 and
early S phase.

Figure 3 summarizes the interaction of CycA with the
fusome during the cell cycle. In G1 and most of S phase,
there is limited CycA accumulation and it is not fusome
associated (Fig. 3A). Beginning in late S or G2, CycA begins
to associate with the fusome and accumulates there at high
levels just prior to mitosis. In prophase cells with partially
condensed chromosomes, CycA levels are high on the
fusome, while lower amounts can be seen throughout the
rest of cyst (Fig. 3B). As mitosis progresses, CycA levels
throughout the cyst rise to the same high levels that were
previously observed only on the fusome (Fig. 3C). Finally, at
approximately the metaphase to anaphase transition, CycA
is degraded throughout the cyst (Fig. 3D).

CycA Overexpression Forces Ovarian Germline
Cysts through a Fifth Mitotic Division

The periodic association of CycA with the fusome sug-
gests that the precise spatial and temporal regulation of cell
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FIG. 3. The distribution of CycA during the cystocyte divisions. (A-D) Ovaries were stained with antibodies raised against Drosophila
CycA and the monoclonal antibody mAb1B1 to highlight fusomes and follicle cell membranes. DNA is labeled with DAPI. A single cyst
in the indicated cell cycle stage is shown in each part. (A) S phase. The distribution of CycA during S phase was determined by performing
BrdU incorporation in concert with anti-CycA antibody staining (data not shown). (B) G2/prophase. The DNA has begun to condense
(arrowhead). (C) Metaphase. (D) Postmetaphase. For all images, not all cells within the dividing cyst are in the plane of focus. Bar, 5 um.

cycle regulatory proteins may be required to direct the
specialized cystocyte division cycle. To investigate its role
in cyst formation, we overexpressed CycA in adult flies
using two transgenes (Sigrist et al., 1995) that are under the
control of the heat-inducible hsp70 promoter. Although
these transgenes produce similar, high amounts of CycA
protein in the ovary following heat shock treatment (data
not shown), the two proteins they encode differ signifi-
cantly in their relative stabilities. The first transgene,
Hs-cyclin A, encodes full-length CycA; the second trans-
gene, Hs-Acyclin A, encodes a truncated ACycA whose N
terminus, including the destruction box, is deleted. The
destruction box is a 9-amino-acid motif that targets CycA
and other mitotic cyclins for rapid ubiquitin-dependent
proteolysis late in mitosis (Glotzer et al., 1991). The dele-
tion of the destruction box significantly increases the
stability of the ACycA protein relative to CycA (Sigrist et
al., 1995; M. Lilly and A. Spradling, unpublished). Although
it contains an N-terminal deletion, the Hs-Acyclin A con-
struct encodes a functional protein as assayed by its ability
to rescue partially the embryonic phenotype of a null
mutation of the cyclin A gene (Sigrist et al., 1995).

When CycA is overexpressed in adult females from these
transgenes, germline cysts with an aberrant number of cells
are produced. Five days after heat-shock treatment, germ-

line cysts containing 32 instead of 16 cells were seen in
17% of egg chambers from Hs-Acyclin A ovaries and 3% of
egg chambers from Hs-cyclin A ovaries (Figs. 4A and 4B,
Table 2). We also observed a few cysts with an intermediate
number of cells, between 16 and 32, but such cysts were
extremely rare in both Hs-cyclin A and Hs-Acyclin A
ovaries. These observations suggest that the overexpression
of CycA can force cysts through one extra round of division.
Moreover, the fact that almost all cysts contained either 16
or 32 cells, and not an intermediate number, suggests that
the decision to divide a fifth time is an all-or-none event,
like the earlier cystocyte cycles.

To confirm that the egg chambers with 32 cells contain a
single large cyst, and not two 16-cell cysts that have been
packaged by a single layer of follicle cells, we examined the
aberrant egg chambers more closely. The 32-cell cysts
produced after CycA overexpression differentiate a single
oocyte nucleus (germinal vesicle) and therefore contain 31
nurse cells and 1 oocyte (Fig. 4B). Furthermore, the oocytes
in the 32-cell cysts contain five ring canals, consistent with
an extra mitotic division (data not shown). Thus, the extra
mitosis and resulting increase in cystocyte number appears
to take place in a manner similar to early cystocyte divi-
sions.

In addition to our experiments with CycA, we also
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FIG. 4. The overexpression of CycA results in an extra cyst
division. Egg chambers from (A) wild-type and (B) Hs-Acyclin A
females were stained with propidium iodide to label nuclei and
with a low concentration of anti-CycE to highlight the germinal
vesicle (GV). Note that the Hs-Acyclin A egg chamber contains
only a single GV. (C) A DAPI-stained egg chamber containing a
32-cell germline cyst from a Hs-Acyclin B female. In all images
some nurse cell nuclei lie outside the plane of focus.

examined the effects of overexpressing CycB or CycE. All
cyclin transgenes are under the control of the heat-
inducible hsp70 promoter. When the destruction-box-
deleted G2 cyclin, ACycB, was overexpressed in adult flies,
egg chambers containing 32-cell cysts were produced, albeit
at a rate approximately three times lower than in the
Hs-Acyclin A flies (Fig. 4C, Table 2). In contrast the over-
expression of the G1 cyclin, CycE, did not result in the
production of egg chambers with 32 cells at a measurable
rate (Table 2). Although CycE does not contain a destruc-
tion box, it does have multiple PEST domains that are
predicted to render the protein unstable (Richardson et al.,
1993). The inability of CycE overexpression to induce an
extra cyst division may be due to the instability of CycE
relative to destruction-box-deleted G2 cyclins or to an
intrinsic difference between CycE and the G2 cyclins.

Mutations in an E2 Ubiquitin-Conjugating Enzyme
Phenocopy CycA Overexpression

If the number of cyst divisions can be influenced by the
inappropriate perdurance of cyclin activity, then mutants
that alter cyclin stability may affect the number of cells per
cyst. Consistent with this proposal, we determined that
mutations in the UbcD1 gene, which encodes an E2
ubiquitin-conjugating enzyme, can cause cysts to divide a
fifth time (Fig. 5A). Approximately 22% of egg chambers
from UbcD1*/UbcD1'**° trans-heterozygous females
and 5% of egg chambers from females homozygous for the
weak UbcD1 mutation, UbcD1'*°, contained 32-cell cysts
(Fig. 5B). As was observed after CycA overexpression, the
vast majority of egg chambers contained either 16 or 32
germline cells and differentiated a single oocyte; cysts with

Lilly, de Cuevas, and Spradling

an intermediate number of cells were rare. The UbcD17<!#*

mutation is semilethal and therefore homozygotes could
not easily be examined.

We then asked whether mutations or deficiencies of the
cyclin genes could dominantly suppress the extra cyst
divisions observed in UbcD1 mutants (Fig. 6). We found
that when the dosage of the mitotic cyclins was reduced,
the UbcD1 32-cell phenotype was suppressed. A single copy
of a cyclin A lethal allele, cycA™*, reduced the production
of 32-cell cysts in UbcD1*/UbcD17*** females from 25
to <6%, an approximately fourfold reduction. A deletion of
the cyclin B gene had a similar but reduced effect; one copy
of the cyclin B deficiency Df(2R)59AB lowered the number
of 32-cell cysts by threefold. In contrast, Df(2L)r10, which
deletes the cyclin E gene, had relatively little effect on the
production of 32-cell cysts in the UbcD1 mutant back-
ground. These data support the idea that the inappropriate
perdurance of cyclin activity causes the extra cyst division
observed in UbcD1 mutants.

Extra Cyst Divisions Are Accompanied by the
Growth of the Fusome and Are Dependent
on the bam Gene Product

How is the number of cyst divisions limited to pre-
cisely four in wild-type flies? The association of CycA
with the fusome, as well as the observation that CycA
overexpression can induce an extra cyst division, sug-
gests that the temporal and spatial regulation of cell cycle
regulatory proteins in 16-cell cysts may be an important
part of the limiting mechanism. To test this idea, we
wanted to determine if CycA acts through the normal
cyst division machinery to induce an extra division or if
it bypasses it. The protein expressed by the gene bag of
marbles (bam) is required for cyst formation and is found
on fusomes and in the cytoplasm of dividing cystocytes
(McKearin and Spradling, 1990; McKearin and Ohlstein,
1995). Furthermore, the cytoplasmic form of Bam disap-
pears soon after the final cyst division. These observa-
tions have led to the suggestion that Bam may play a role
in counting the cyst divisions. Thus, we wanted to
determine if the ACycA overexpression phenotype is
sensitive to levels of Bam in the cyst. We found that a

TABLE 2
32-Cell Cyst Induction (%) 5 Days after Cyclin Overexpression

Genotype 32-cell cysts (%)*
Wild type 0
Hs-AcyclinA 17 +=1.9
Hs-cyclinA 2.6 £0.75
Hs-AcyclinB 59x15
Hs-cyclinE 0.4 +0.11

@ At least 900 egg chambers, representing more than 10 ovaries,
were examined for each genotype.
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FIG. 5. UbcD1 females produce egg chambers with 32 germline cells. (A) An egg chamber from a UbcD1"*/UbcD17***° female
with 31 nurse cells and 1 oocyte. Bar, 10 um. (B) The percentage of egg chambers with 32 germline cells observed in UbcD1 mutant

females.

bam null allele, bam*®*, can dominantly suppress ACycA
overexpression; 2.6% of the egg chambers from Hs-
Acyclin A females in which the dose of bam was reduced
by one copy contained 32-cell cysts after heat-shock
treatment in comparison to 13% observed in sibling
Hs-Acyclin A females that contained two functional
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FIG. 6. The UbcD1 32-cell cyst phenotype is suppressed by
mutations in cyclin A and cyclin B. The percentage of 32-cell cysts
present in the ovary are compared between the following
four genotypes: UbcD1%*/UbcD1™"* UbcD1%*/UbcD1™"**;
cycA”*/+, UbcD1*/UbcD1™**; Df(2R)59AB/+, and UbcD1"%*/
UbcD1R¢**°: Df(2L) r10/+.

copies of bam (n > 850). This represents a fivefold
reduction in the production of 32-cell cysts. These data
suggest that CycA acts through the normal cyst division
regulatory machinery to trigger a fifth round of mitosis.
Does the extra round of cystocyte division result in the
growth of the fusome as is observed during the first four
mitotic cyst divisions? In UbcD1%*/UbcD1™**° females,
in which up to 25% of germline cysts contain 32 cells, we
observed large fusomes with an increased number of
branches relative to wild-type cysts (Fig. 7). Large fusomes
were also observed in Hs-Acyclin A females after heat-
shock treatment (data not shown). Abnormally large fu-
somes were never observed in wild type females or in
Hs-Acyclin A females that had not been heat shocked.
Thus, the fifth cyst division in multiple genetic back-
grounds drives the corresponding growth of the fusome.

FIG. 7.

UbcD1 females have highly branched fusomes. The
monoclonal antibody mAb1B1 was used to label fusomes in (A)
wild-type or (B) UbcD1%*/UbcD1™"®*° germaria. Note that the
fusome from the UbcD1%*/UbcD1™'**° female is larger and more
branched than wild type.
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DISCUSSION

Association of CycA with the Fusome May
Synchronize the Germline Cyst Divisions

The development of the Drosophila germ line uses a
succession of different cell cycles to help effect dramatic
changes in cell size and structure. Early germ cells are
single, large round cells, while at the onset of meiosis, they
are smaller and interconnected within groups of 16 by ring
canals. The molecular mechanisms that reprogram germ
cell cycles are only beginning to be understood. Our studies
have revealed several new aspects of these processes.

The fusome is likely to program at least one important
aspect of germ cell cycles, the synchronization of the
cystocyte divisions. First, the fusome occupies a key loca-
tion within growing cysts for mediating synchrony. By the
onset of mitosis at each round of cyst division, the fusome
has completed its cycle of growth and new segments have
fused into a single continuous structure. The branches of
the G2 fusome pass uninterrupted through the ring canals
that interconnect the cystocytes, providing a single internal
interface between all cyst cells. Second, synchronous cell
cycles occur only while the fusome is present. Cell-cell
junctions alone are insufficient to guarantee synchrony,
since ring canals remain present in older cysts when the
cells cycle asynchronously. Finally, genetic data support a
role for the fusome in cystocyte synchrony. Mutations that
disrupt the fusome disrupt synchrony, as indicated by the
production of cysts that no longer contain 2" cells (Lin et
al., 1994; de Cuevas et al., 1996; reviewed in de Cuevas et
al., 1997).

Our studies suggest that the fusome effects cystoctye
synchrony through an interaction with CycA. CycA asso-
ciates with the fusome only in synchronously cycling
cystocytes, and not in 16-cell cysts. CycA-fusome associa-
tion begins in G2 when CycA levels on the fusome rise
above those observed in the rest of the cyst. By early
prophase CycA levels on the fusome are much higher than
in the surrounding cytoplasm. As mitosis progresses CycA
is seen at high levels throughout the cyst before being
destroyed at approximately the metaphase-to-anaphase
transition. The accumulation of CycA on the fusome prior
to the activation of CycA/Cdkl at the G2/M transition
suggests that CycA association with the fusome synchro-
nizes the entry of all the interconnected cystocytes within
a cyst into mitosis.

How might CycA effect mitotic synchrony through its
association with the fusome? The fusome most likely acts
in some way to spatially equalize the activation of CycA/
Cdk1 activity in all cystocytes during late G2. In yeast,
Cyc/Cdk activation is controlled by changes in the levels of
stimulatory and inhibitory phosphorylation at specific tar-
get sites. The phosphatases and kinases carrying out these
changes are themselves subject to control by cdk-mediated
phosphorylation to generate a strong positive feedback loop
(King et al., 1994). We propose that enzymes responsible for
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CycA/Cdkl activation are present in the fusome and are
subject to similar positive feedback control. Activation of
CycA/Cdkl activity in any portion of the fusome might
spread to adjacent molecules, causing a wave of activation
to spread rapidly throughout the fusome. The ability of the
fusome to propagate an active state of CycA/Cdkl would
synchronize the mitotic entry of all cystocytes that retained
an intact fusome.

This model makes several testable predictions. Cdk1 and
regulatory molecules should be found within the fusome.
CycA/Cdkl activation should occur in a transient wave
that spreads along the fusome. Breaking the fusome should
divide the cyst into independently cycling cystocyte sub-
groups, each joined by an intact fusome segment. Cyclin A
has been observed previously to associate with the fusome
in the postmitotic 16-cell cysts of Drosophila males (Eber-
hart et al., 1996). Our observation that CycA also associates
with the fusome during male cystocyte divisions (Fig. 2E)
suggests that the proposed mechanism may also operate
during male cyst formation.

Specifying the Number of Cystocyte Divisions

Germline cysts in different organisms contain a species-
specific, programmed number of cystocytes. Thus, while
Drosophila male and female germline cysts contain 16
cells, cysts in Lepidoptera such as Bombyx mori consist of
only 8 cells, while cysts in many Hymenoptera such as
Habrobracon juglandis are made up of 32 cells (see Buning,
1994). In each case, cystocyte divisions take place synchro-
nously, so the differences in cyst cell number result from a
different number of rounds of division. Currently, little is
known about what determines the number of rounds of
synchronous cystocyte divisions.

We found that misexpressing two G2 cyclins increases
the number of cystocytes in Drosophila ovarian cysts.
Several observations indicate that the increase is due to the
induction of one additional round of relatively normal,
synchronous cystocyte division. Cysts that undergo addi-
tional mitoses contain exactly twice the normal number of
cystocytes, 32 instead of 16. The 32-cell cysts contain
fusomes with additional branches as expected for an addi-
tional normal division, and the oocyte contains five instead
of four ring canals. The 32-cell cysts still differentiate a
single oocyte, indicating that all the cells remain function-
ally interconnected and become normally polarized. Fi-
nally, as in normal divisions, Bam protein is required for the
additional division since a bam null mutation acts as a
dominant suppressor of the 32-cell-cyst phenotype.

There are at least two possible ways that G2 cyclin
misexpression might produce cysts with more cells. In the
first model, we propose that cyst cell number is determined
by cyst size. The number of cystocytes per cyst would
simply depend on the number of divisions that occur during
the time required for the cyst to grow to an appropriate size,
as determined by intercellular signals. G2 cyclin misexpres-
sion would shorten cystocyte cell cycles so that an addi-
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tional cycle occurs by the time the stop signal is received.
Either G1 or G2 or both may be affected. Inappropriate
presence of CycA during the G1 phase has been shown to
cause premature entry into S phase in embryos (Sprenger et
al., 1997) and developing eye discs (Thomas et al., 1994,
1997; Dong et al., 1997). In addition, high levels of both
CycA and CycB might shorten the G2 phase of the cysto-
cyte cycle. The inability of CycE overexpression to induce
an extra division may be more consistent with action of
CycA and CycB in G2.

Alternatively, rather than accelerating cell cycles, inap-
propriately high levels of G2 cyclins in 16-cell cysts after
the completion of premeiotic S phase may interfere with
mechanisms that normally shut off further cystocyte cell
cycles after four rounds have been completed. This second
model proposes that the down-regulation of G2 cyclin
activity in 16-cell cysts limits the number of mitotic
divisions to four. If G2 cyclin activity remains inappropri-
ately high after premeiotic S phase, 16-cell cysts would fail
to exit the mitotic cycle and would instead execute an
additional division. In this model the inability of CycE
overexpression to promote a fifth cyst division is due to the
fact that CycE is a G1 and not a G2 cyclin. It is possible that
both mechanisms of producing 32-cell cysts may have
occurred in our experiments.

Both models assume that cyclin misexpression acts di-
rectly on the developing germ cells, rather than indirectly
through changes in nearby somatic cells. Several observa-
tions suggested that this was probably a safe assumption.
The somatic cells that contact growing cystocytes are not
themselves mitotically active, and BrdU incorporation was
not detected in these cells following cyclin misexpression.
Moreover, increased cyst cell number depended on normal
levels of Bam, a gene expressed only in the germline.
Nonetheless, it would be worthwhile to target cyclin
misexpression specifically to germ cells to further investi-
gate this issue.

Two other genes that alter cyst cell number may act in a
related manner. Females that carry a hypomorphic allele of
cyclin E, or that are mutant for encore, frequently contain
only 8 or 32 cells per cyst, respectively (Lilly and Spradling,
1996; Hawkins et al., 1996). Reduced CycE levels may slow
the cystocyte cell cycles. Encore is thought to function in
concert with other gene products in translationally regulat-
ing localized germline mRNAs (Hawkins et al., 1997).
Altered target gene expression in encore mutant females
may accelerate the cystocyte cell cycles or interfere with
the normal mechanism that shuts off these cycles.

Ubiquitin-Dependent Proteolysis Influences the
Number of Germline Cyst Divisions

UbcD1 appears to influence the degradation of a wide
array of proteins, including those involved in chromosome
segregation (Cenci et al., 1997; Tang et al., 1997). However,
the effects we observed on germline cyst formation may
derive from a direct action on cyclin turnover. In Xenopus
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egg extracts the UbcD1 homolog, Ubc4, supports the ubig-
uitination of CycB (King et al., 1995; Yu et al., 1996).
Destruction-box-deleted ACycA and ACycB are consider-
ably more effective at forcing cysts though an extra cyst
division than the corresponding wild-type proteins. More-
over, mutations in cyclin A and cyclin B dominantly
suppress the extra cyst division observed in UbcD1 mu-
tants. Thus, the stabilization of CycA and CycB in UbcD1
mutants is likely to play a role in triggering the fifth mitotic
division. Like misexpressed G2 cyclins, the lower level of
proteolytic machinery in UbcD1 mutant females might
accelerate the cystocyte cell cycle or result in the inappro-
priate activity of CycA/Cdkl in 16-cell cysts. However,
further study will be required to prove conclusively that G2
cyclin misexpression and UbcD1 mutation act within germ
cells in the postulated manner.
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